Introduction {#S0001}
============

Radiotherapy mostly applied as external beam therapy or brachytherapy is one of the standard procedures for cancer treatment. Over the last century, significant technological progress has been made to increase anti-tumor effects, while reducing the risk for damage to healthy tissues \[summarized in.^[1](#CIT0001)^ Radiotherapy has achieved high success rates especially for the management of primary tumors, whereby in combination with chemotherapy up to 80% of tumors can now be locally controlled.^[1](#CIT0001)^ However, the main obstacle of ionizing radiation is still the induction or selection of radioresistant cancer (stem) cell clones that are responsible for the recurrence of the disease.^[1](#CIT0001)--[4](#CIT0004)^ This clearly emphasizes the clinical need for adjuvant treatment options able to overcome tumor radioresistance. Different strategies of radiosensitization need to be pursued in preclinical and clinical studies including, e.g., hypoxic cell radiosensitizers, inhibitors of DNA repair mechanisms, stimulators of cell death pathways or suppressors of cell proliferation and survival pathways.^[2](#CIT0002),[3](#CIT0003),[5](#CIT0005)^

Another strategy to prevent tumor relapse after acquired radioresistance entails targeted immunotherapies. Among them, chimeric antigen receptor (CAR) T cell technology represents one of the most promising approaches. Its high potential is reflected by the impressive success of two CD19-specific CAR T cell therapeutics, axicabtagene ciloleucel and tisagenlecleucel that were approved by the U.S. Food and Drug Administration in 2017 for treatment of B cell malignancies.^[6](#CIT0006)--[8](#CIT0008)^ CARs are composed of an extracellular tumor-specific antigen binding domain linked to intracellular signaling domains from activating immune receptors (e.g. CD3ζ, CD28, 4-1BB).^[9](#CIT0009),[10](#CIT0010)^ After genetic modification, T cells are able to bind tumor cells via their CAR independently of their endogenous TCR specificity. This results in CAR-mediated T cell activation and subsequent tumor cell killing.^[9](#CIT0009),[10](#CIT0010)^ However, aside from their high anti-tumor activity, CAR T cells can also trigger severe or even fatal side effects.^[11](#CIT0011),[12](#CIT0012)^ As conventional CAR T cells lack self-limiting control mechanisms, management of adverse reactions is mainly restricted to immunosuppressive drugs so far.^[12](#CIT0012)^ Hence, adapter CAR platforms were developed to improve the safety profile of CAR T cells \[e.g.^[13](#CIT0013)-[19](#CIT0019)^\]. In 2014, we introduced the switchable UniCAR system in which UniCAR T cell activity can be directly controlled by separated short-lived target modules (TMs) ([Figure 1a](#F0001)).^[16](#CIT0016)--[20](#CIT0020)^ TMs are tumor-specific binding molecules, e.g., small peptides,^[21](#CIT0021)^ nanobodies^[22](#CIT0022),[23](#CIT0023)^ or single-chain fragment variables (scFv) \[e.g.^[24](#CIT0024)-[27](#CIT0027)^\] equipped with the E5B9 peptide epitope from the nuclear protein La/SS-B.^[28](#CIT0028)^ UniCAR T cells in turn are armed with an E5B9-specific CAR (UniCAR) predicating its anti-tumor activity on the availability of TMs. Consequently, side effects caused by UniCAR T cells are likely to be manageable by TM titration.

For combined radioimmunotherapeutic approaches, it is of significant interest as to whether radioresistant tumor cells are still sensitive for targeted immunotherapies. Thus, the aim of the current study is to elucidate if UniCAR T cells can be redirected for efficient killing of radioresistant cancer cells. In order to provide proof of concept head and neck squamous cell carcinoma (HNSCC) was chosen as a model tumor entity. For the herein proposed T cell retargeting approach we selected the epidermal growth factor receptor (EGFR) and CD98 as suitable target antigens. The tyrosine kinase receptor EGFR is physiologically, i.e., an important regulator of cell growth, survival, differentiation and apoptosis.^[29](#CIT0029)^ Consequently, many epithelial tumors are characterized by defects in the EGFR signaling pathway. CD98 represents a heterodimeric transmembrane protein consisting of a heavy chain (CD98hc) and one of the six permease-type amino acid transporters (CD98 light chain, e.g. LAT-1 and LAT-2).^[30](#CIT0030)--[32](#CIT0032)^ The heterodimer plays not only an important role as transporter for essential amino acids but also controls cell survival and growth via interaction with integrin-β.^[30](#CIT0030)^ Both EGFR and CD98 were found to be overexpressed in HNSCC,^[29](#CIT0029),[30](#CIT0030)^ while high expression levels were shown to correlate with a poor prognosis.^[33](#CIT0033)--[37](#CIT0037)^ Furthermore, CD98 was identified as a marker and regulator of cancer stem cells in HNSCC.^[38](#CIT0038)^ Ionizing radiation can boost EGFR as well as CD98hc expression. This is in line with the fact that their downstream signaling pathways contribute to an increased level of radioresistance in tumor cells.^[3](#CIT0003),[33](#CIT0033),[39](#CIT0039),[40](#CIT0040)^

In this study, novel murine and humanized TMs directed against CD98hc were developed. Together with established EGFR TM, they were used to test the capability of UniCAR T cells to mediate anti-tumor responses against radioresistant HNSCC cells both *in vitro* and *in vivo*.

Materials and methods {#S0002}
=====================

Cell lines {#S0002-S2001}
----------

In this study we used established HNSCC cell lines Cal33 originated from squamous cell carcinomas of the tongue (Deutsche Sammlung von Mikroorganismen und Zellkulturen DSMZ GmbH, Braunschweig, Germany) and FaDu originated from pharyngeal squamous cell carcinoma (ATCC, Manassas, USA). The radioresistant Fadu RR and Cal33 RR derivatives were generated in the lab of Prof. Dr. Anna Dubrovska (OncoRay -- National Center for Radiation Research Oncology, Faculty of Medicine, University Hospital Carl Gustav Carus, Dresden, Germany).^[4](#CIT0004)^ The radioresistant phenotype is stable for a few months and thus was stable during the time frame in which the herein presented data were collected. The cell lines were genotyped using microsatellite polymorphism analyses and tested for radioresistant phenotype and mycoplasma prior to experimentation. For *in vivo* studies, Cal33 RR cells were genetically modified to express the red fluorescent protein mCherry using lentiviral transduction. The resulting cell line was termed Cal33 RR^mCherry^. To ensure that the cells keep their radioresistant phenotype including after their stable transduction with mCherry-encoding DNA plasmid, we have tested their radioresistance directly prior to experimentation. Tumor cell lines and 3T3 cell lines genetically modified to express TMs were maintained in DMEM complete media.^[41](#CIT0041)^ All cells were cultured at 37°C in a humidified atmosphere with 5% CO~2~.

Humanization and cloning of novel muCD98 TM and huCD98 TM {#S0002-S2002}
---------------------------------------------------------

The novel murine (mu) and humanized (hu) CD98 TM are based on the αCD98 IgG1 monoclonal antibody (mAb) MEM-108. Identification and humanization of V~H~ and V~L~ domains were performed as published previously.^[42](#CIT0042),[43](#CIT0043)^ MuCD98 TM and huCD98 TM were developed *in silico* by fusion of the αCD98 mAb MEM-108 V~H~ and V~L~ domains to the UniCAR epitope E5B9. Whole DNA sequences were subsequently purchased from Eurofins Genomics. After digestion of TM-containing pEX-A128 vectors with *Nhe*I (ThermoFisher Scientific, \#ER0971) and *Mss*I (ThermoFisher Scientific, \#ER1341) the open reading frames of muCD98 TM and huCD98 TM were cloned in the lentiviral expression vector p6NST50 which was beforehand digested with *Xba*I (ThermoFisher Scientific, \#ER0681) and *KspA*I (ThermoFisher Scientific, \#ER1032).

Purification and expression of TMs {#S0002-S2003}
----------------------------------

All TM-producing 3T3 cell lines were generated by lentiviral gene transfer. In order to purify recombinant proteins via their C-terminal His-tag from cell culture supernatants, Ni-NTA affinity chromatography was used.^[41](#CIT0041)^ Hereafter, purified TMs were separated via SDS-PAGE. To estimate TM concentration and purity, Coomassie Brilliant Blue G250 staining or immunoblotting of separated protein fractions were conducted as described previously.^[41](#CIT0041),[42](#CIT0042),[44](#CIT0044)^

Generation of UniCAR T cells {#S0002-S2004}
----------------------------

Blood samples were obtained from the German Red Cross (Dresden, Germany) with informed consent of voluntary donors. After isolation of peripheral blood mononuclear cells (PBMCs) from whole blood via density gradient centrifugation, T cells were magnetically separated using the Pan T Cell Isolation Kit, human (Miltenyi Biotec GmbH, \#130-096-535).^[45](#CIT0045)^ Subsequently, T cells were genetically modified with EGFP vector control, UniCAR Stop or UniCAR 28/ζ construct by lentiviral transduction according to previously published protocols.^[24](#CIT0024),[46](#CIT0046),[47](#CIT0047)^ Briefly, CD3/CD28 bead-stimulated T cells were transduced 5 times with the respective lentiviral particles. After 1 week of culture, genetically modified T cells were sorted using FACS technology by means of co-translated EGFP marker protein \[see also [48](#CIT0048)\]. During transduction and expansion, T cells were cultured in RPMI 1640 complete media^[41](#CIT0041)^ supplemented with IL-15 (ImmunoTools, \#11340155), IL-7 (ImmunoTools, \#11340075) and Proleukin® (Novartis Pharmaceuticals, \#2238131). One day prior to experiments, genetically modified T cells were cultured in medium without additional cytokines.

Flow cytometry {#S0002-S2005}
--------------

For binding analysis, 1 × 10^5^ cells were incubated with 5 ng/μl of TM for 1 h. TM binding was detected via the UniCAR epitope E5B9. For this purpose, cells were incubated consecutively with 10 μg/ml of αLa mAb (5B9)^[28](#CIT0028)^ and Goat anti-Mouse IgG Fc Cross-Adsorbed Secondary Antibody, PE (ThermoFisher Scientific, \#31861). Surface staining with CD98-APC-Vio770, human (Miltenyi Biotec GmbH, \#130-105-711) served as a positive control. To analyze CD98 expression on UniCAR T cell subpopulations, cells were additionally stained with CD3-PE-Vio770, human (Miltenyi Biotec GmbH, \#130-096-749), CD4-VioBlue, human (Miltenyi Biotec GmbH, \#130-114-534) and CD8-PE, human (Miltenyi Biotec GmbH, \#130-091-084). For determination of TM affinity, CD98-expressing cell lines were incubated with increasing TM concentrations for 1 h followed by a 30 min-incubation with Anti-His-PE (Miltenyi Biotec GmbH, \#130-120-718). GraphPad Prism 7 software (GraphPad Software Inc.) was used to calculate K~D~ values based on the respective affinity curves. CD98 antigen density on tumor cell lines and UniCAR T cells was determined using the QifiKit® (Agilent, \#K007811-8) in combination with purified anti-human CD98 Ab (BioLegend, \#315602), as published elsewhere.^[23](#CIT0023)^

Live and dead cells were distinguished by adding 1 μg/ml of propidium iodide/PBS solution (ThermoFisher Scientific, \#P3566) shortly before flow cytometric measurements. Data acquisition and analysis were conducted with a MACSQuant Analyzer 10 and the MACSQuantify Software (Miltenyi Biotec GmbH).

Chromium release assay {#S0002-S2006}
----------------------

Tumor cell killing was analyzed via standard chromium release assay as previously published.^[41](#CIT0041)^ Briefly, 5 × 10^3\ 51^Cr-labeled target cells and genetically modified T cells were incubated with or without TM at 1:1 or 5:1 effector-to-target cell (E:T) ratios. After 24 h, activity of released ^51^Cr was determined in co-culture supernatants using a MicroBeta^2^ Microplate Counter (PerkinElmer LAS GmbH).

Cytokine release, proliferation and activation status of UniCAR T cells {#S0002-S2007}
-----------------------------------------------------------------------

UniCAR T cells were cultured with or without tumor cells in the presence or absence of 50 nM TM in a 96-well plate (E:T = 5:1). Total volume was adjusted with RPMI complete media to 200 μl. After 48 h, cell culture plates were centrifuged for 5 min at 360xg and cell-free supernatant was collected. Concentration of TNF, IFN-γ, IL-2 and GM-CSF was determined by enzyme-linked immunosorbent assay (ELISA). Human TNF ELISA Set (\#555212), Human IFN-Gamma ELISA Set (\#555142), Human IL-2 ELISA Set (\#555190), Human GM-CSF ELISA Set (\#555126) as well as BD OptEIA Reagent Set B (\#550534) were obtained from BD Biosciences. In addition, intracellular staining of perforin and granzyme B was performed after 48 h as described previously.^[49](#CIT0049)--[51](#CIT0051)^ In order to monitor UniCAR T cell numbers in co-cultures, cells were labeled with Cell Proliferation Dye eFluor®670 (ThermoFisher Scientific, \#65-0840-85) according to previously published protocols.^[49](#CIT0049),[52](#CIT0052)^ After 24 h and 96 h of incubation, 20 μl of samples was transferred to a 96-well plate and mixed with 80 μl of 1 μg/ml propidium iodide/PBS solution (ThermoFisher Scientific, \#P3566). Cell numbers were calculated using a MACSQuant Analyzer 10 (Miltenyi Biotec GmbH).

In vivo killing assay {#S0002-S2008}
---------------------

All animal procedures were conducted in accordance with the ARRIVE guidelines, the guidelines set by the European Communities Council Directive (86/609 EEC). The local Workplace Animal Ethical Committee (MÁB) approved the animal facilities and the protocol according to institutional guidelines at the Semmelweis University (Budapest, Hungary). Six-week old male Rj:NMRI-Foxn1nu/nu mice (herein referred to as NMRI^nu/nu^) (Janvier Labs, Le Genest-Saint-Isle, France) served as an immunocompromised animal model. Mice were housed in a pathogen-free facility, in sterile cages with 12 h light/dark cycle. Health status of mice was monitored daily by husbandry staff. In order to assess *in vivo* efficacy of the UniCAR system against radioresistant tumor cells, 1 × 10^6^ Cal33 RR^mCherry^ cells were mixed with 1 × 10^6^ UniCAR T cells and 10 μg of TM. Total volume was adjusted to 100 μl per mouse with PBS. Mixtures were subcutaneously injected into the right hind leg. Control group 1 received tumor cells alone, whereas control group 2 was treated with Cal33 RR^mCherry^ cells plus UniCAR T cells. Each group consisted of five mice. Prior to optical imaging, mice were anesthetized as published previously.^[22](#CIT0022),[47](#CIT0047)^ Fluorescent signal of living Cal33 RR^mCherry^ cells was monitored over a period of 3 days with the In Vivo Multispectral Imaging System (Bruker, USA). Data analysis was performed using the MI 5.3 and MS 1.3 software (Bruker, USA).

Statistics {#S0002-S2009}
----------

Data were statistically evaluated using GraphPad Prism 7 software (GraphPad Prism Inc.). One-way or two-way ANOVA was applied for column or group analyses, respectively. Statistical analyses of *in vitro* data were performed with post hoc Tukey multiple comparison test, and for *in vivo* data post-hoc, Sidak multiple comparison test was used. *p* values below 0.0332 were considered significant.

Results {#S0003}
=======

Expression and purification of novel CD98 TMs {#S0003-S2001}
---------------------------------------------

In order to retarget UniCAR T cells to radioresistant HNSCC cells, the tumor-associated antigens (TAAs) EGFR and CD98 were selected. For this study, we employed an improved EGFR TM that was developed based on findings from our previous studies.^[22](#CIT0022),[23](#CIT0023)^ In order to establish a novel muCD98 TM, the variable domains of the heavy (V~H~) and light chains (V~L~) of the αCD98 monoclonal antibody (Ab) MEM-108 were connected to the UniCAR epitope E5B9 via flexible peptide linkers ([Figure 1b](#F0001)). The immunogenic potential of this TM was further reduced by humanization. Therefore, the murine framework regions (FWR) of the V~H~ and V~L~ domain were replaced by human sequences possessing the highest degree of homology: IGHV1-46\*01 and IGHJ6\*01 for V~H~ or IGKV4-1\*01 and IGKJ2\*02 for V~L~. Except for these human sequences, structural features of the resulting huCD98 TM are identical to the murine counterpart ([Figure 1b](#F0001)).10.1080/2162402X.2020.1743036-F0001Figure 1.Expression and binding properties of CD98-specific TMs. (a) Antitumor activity of UniCAR T cells can be repeatedly switched 'ON' and 'OFF' in dependence of E5B9-tagged target modules (TMs). (b) The novel murine (mu) and humanized (hu) CD98 TM were generated by fusing the variable light (V~L~) and variable heavy (V~H~) domains of the αCD98 IgG1 mAb MEM-108 via flexible peptide linkers to the UniCAR epitope E5B9. The N-terminal murine Ig kappa leader sequence (L) mediates secretion, while the C-terminal hexahistidine (His~6~)-tag facilitates purification and detection of the recombinant proteins. (c, d) Ni-NTA purified TMs were separated by SDS-PAGE. (c) After staining with Coomassie Brilliant Blue G250, TM concentration was estimated based on a BSA standard. (d) Cell culture supernatant (S), wash fraction (W)1, W2 and eluate (E) were transferred to a nitrocellulose membrane. Recombinantly expressed TMs were subsequently detected via their C-terminal His~6~-Tag. (e, f) TM binding was analyzed by flow cytometry. (e) After incubation of tumor cells with 5 ng/µl of TM, TM binding was detected via the UniCAR epitope. As positive control, tumor cells were stained with an αCD98-APC-Vio770 Ab. Histograms show stained cells (blue) and respective negative controls (black). Numbers represent the percentage of CD98^+^ cells. Results of one out of three experiments are shown. (f) Tumor cells were incubated with increasing concentrations of muCD98 TM (upper panel) or huCD98 TM (lower panel) and subsequently stained with αHis-PE Ab. In order to determine TM affinity toward CD98, TM concentrations were plotted against the relative median fluorescence intensity (rel. MFI). Mean ± SEM of three independent experiments are shown.

The novel muCD98 TM and huCD98 TM were expressed by stably transduced 3T3 cell lines. Due to an N-terminal Igκ leader sequence, recombinant proteins were secreted into the cell culture media. As shown in [Figure 1c](#F0001), both CD98-specific TMs could be successfully isolated via Ni-NTA affinity chromatography with high purity. Eluates showed mainly one single, hexahistidine (His)-tagged band of approximately 35 kDa corresponding to the calculated size of 30.6 kDa and 30.3 kDa for the muCD98 TM and huCD98 TM, respectively.

Binding properties of muCD98 TM and huCD98 TM {#S0003-S2002}
---------------------------------------------

Flow cytometry-based surface staining revealed that both muCD98 TM and huCD98 TM were able to specifically bind 100% of the radioresistant HNSCC sub-cell lines FaDu RR and Cal33 RR ([Figure 1e](#F0001)). Binding of the TMs was verified via the E5B9 tag. This method demonstrated that the UniCAR epitope of cell-bound TMs was accessible for Ab binding and thus most probably also for UniCAR T cell interactions. Despite humanization, the huCD98 TM maintained its high affinity toward CD98 ([Figure 1f](#F0001)). By performing surface staining of FaDu RR and Cal33 RR cells with titrated amounts of TM, K~D~ values of approximately 8 × 10^−9^ M and 12 × 10^−9^ M were calculated for the muCD98 TM ([Figure 1f](#F0001), upper panel) and huCD98 TM ([Figure 1f](#F0001), lower panel), respectively.

CD98 expression profile {#S0003-S2003}
-----------------------

CD98 is a common amino acid transporter and also known as a T cell activation marker.^[30](#CIT0030)^ Therefore, we investigated CD98 expression on both tumor cell lines and UniCAR T cells. As shown in [Figure 2a](#F0002), all examined cells were CD98^+^. Median fluorescence intensity (MFI) values of stained Cal33 RR and FaDu RR were higher in comparison to the parental radiosensitive cell lines Cal33 and FaDu. This is in line with recently published data of Digomann and colleagues^[33](#CIT0033)^ also showing increased CD98 protein expression levels for these radioresistant cells. CD98 antigen density of all investigated tumor cell lines is above 10^6^ molecules/cell ([Figure 2b](#F0002)). Although both CD4^+^ and CD8^+^ UniCAR T cells showed CD98 surface expression ([Figure 2a](#F0002)), antigen density was reduced by a factor of 50 to 125 in comparison to HNSCC cell lines ([Figure 2b](#F0002)).10.1080/2162402X.2020.1743036-F0002Figure 2.CD98 expression level and UniCAR T cell-mediated lysis of parental and radioresistant HNSCC cell lines. (a) Surface expression of CD98 on UniCAR T cells as well as on different tumor cells and their radioresistant (RR) derivatives was analyzed by flow cytometry using an αCD98-APC-Vio770 Ab. Histograms show the percentage of CD98^+^ cells and the median fluorescence intensity (MFI) of stained cells (blue) in comparison to unstained controls. (b) CD98 density on tumor and UniCAR T cells was determined by fluorescent-based QIFIKIT® (n = 1). (c-e) In order to analyze UniCAR T cell-mediated tumor cell killing, 24 h-chromium release assays were performed. (c, d) Genetically modified T cells were incubated with ^51^Cr-labeled tumor cells in the absence or presence of 50 nM TM for 24 h at indicated E:T ratios. Experiments were performed in triplicates. Diagrams show mean specific lysis + SD for three independent experiments using different T cell donors. (\*p \< .0332, \*\*p \< .0021, \*\*\*p \< .0002 with respect to samples w/o TM, Two-way ANOVA with posthoc Tukey Multiple Comparison Test) (e) UniCAR T cells were co-cultured with tumor cells in the presence of different TM concentrations (E:T = 5:1). Based on the resulting dose--response curves half-maximal effective concentration (EC~50~) values were calculated. Experiments were performed in triplicates. Summarized data of three independent experiments with different T cell donors are shown (mean ± SEM).

Engagement of UniCAR T cells via EGFR TM and CD98 TM for killing of radioresistant HNSCC cell lines {#S0003-S2004}
---------------------------------------------------------------------------------------------------

The capacity of TM-redirected UniCAR T cells to kill radioresistant tumor cells was investigated by 24 h-standard chromium release assays. The HNSCC cell lines Cal33 RR and FaDu RR, which possess substantially increased or long-term moderate radioresistance in comparison to their respective parental cell lines, were selected.^[4](#CIT0004)^ As shown in [Figure 2c-d](#F0002), in the presence of either the EGFR TM, the muCD98 TM or the huCD98 TM, UniCAR T cells were able to induce significant tumor cell lysis (40-65%). Radioresistant cell lines were killed with similar efficiency as the parental Cal33 and FaDu cells irrespective of the selected TM. Importantly, humanization of the muCD98 TM did not negatively influence its ability to trigger the anti-tumor activity of UniCAR T cells. In the absence of TMs, tumor cells were not significantly eliminated, emphasizing that the functionality of the UniCAR system was strictly TM-dependent. Chromium release assays under limiting conditions further revealed that the EGFR TM as well as both CD98 TMs were able to engage UniCAR T cells for significant lysis at an E:T ratio of 1:1 ([Figure 2c-d](#F0002)) and at low TM concentrations ([Figure 2e](#F0002)). All tested TMs exhibited EC~50~ values in the low picomolar range (1--43 pM).

Activating UniCAR T cell effector mechanisms upon TM-mediated cross-linkage with radioresistant HNSCC cells {#S0003-S2005}
-----------------------------------------------------------------------------------------------------------

Having proven the ability of the UniCAR system to effectively eliminate different radioresistant cancer cells, we elucidated UniCAR T cell-mediated effector mechanisms in more detail. For this purpose, 48 h-co-cultivation assays of UniCAR T cells with or without tumor cells were performed. TMs were added at a concentration of 50 nM. Experiments were conducted with Cal33 RR cells showing the highest degree of radioresistance.^[4](#CIT0004)^

Upon cross-linkage with Cal33 RR via the muCD98 TM, the huCD98 TM or the EGFR TM, UniCAR T cells secreted significant amounts of the pro-inflammatory cytokines TNF, IFN-γ and GM-CSF, whereas substantial concentrations of growth-promoting IL-2 could be detected only in the presence of the CD98-specific TMs ([Figure 3](#F0003)). However, in the absence of TMs, no cytokines were measured in co-culture supernatants. As UniCAR T cells express CD98 on their surface (see [Figure 2a-b](#F0002)), we also investigated whether CD98-specific TMs per se can induce cytokine secretion of UniCAR T cells. As shown in [Figure 3](#F0003), both the muCD98 TM and huCD98 TM but not the EGFR TM stimulated UniCAR T cells to release TNF, IFN-γ, IL-2 and GM-CSF. However, cytokine concentrations were considerably lower in comparison to co-cultures with Cal33 RR target cells.10.1080/2162402X.2020.1743036-F0003Figure 3.Cytokine profile of TM-redirected UniCAR T cells. UniCAR T cells were incubated with (w/) or without (w/o) Cal33 RR cells in the presence or absence of 50 nM TM (E:T = 5:1). After 48 h, cell-free supernatants were analyzed by ELISA for (a) TNF, (b) IFN-γ, (c) IL-2 and (d) GM-CSF. Experiments were performed in triplicates. (a-d) Left panels show summarized data (mean + SD) of three different T cell donors, right panels show mean + SD from triplicates of one individual experiment (\*p \< .0332, \*\*p \< .0021, \*\*p \< .0002 compared to samples w/o TM; One-way ANOVA with post hoc Tukey multiple comparison test). x, not detectable

Aside from cytokine secretion, we further assessed upregulation of perforin and granzyme B by co-cultured UniCAR T cells via intracellular staining. As shown in [Figure 4a](#F0004), already a minor population of UniCAR T cells (20-36%) expressed intracellular perforin in a resting state, whereas all cells were positive for granzyme B. In the presence of either the CD98- or EGFR-specific TMs, not only the percentage of perforin^+^ UniCAR T cells increased but also the intracellular granzyme B expression was upregulated as shown by higher MFI values ([Figure 4a](#F0004)). Overall, CD4^+^ and CD8^+^ UniCAR T cell populations behaved in a similar way (Figure S1). In line with the cytokine expression profile, perforin and granzyme B levels increased in CD4^+^ and CD8^+^ UniCAR T cells upon incubation with muCD98 TM or huCD98 TM alone ([Figure 4a](#F0004) and Figure S1). Similar results were not observed with the EGFR TM. This raised the question, whether CD98 TMs could not only mediate specific elimination of tumor cells but would also lead to fratricide of UniCAR T cells. Quantitative assays revealed that in the presence of tumor cells, only the muCD98 TM mediated a 20% decrease in UniCAR T cell numbers after 24 h ([Figure 4b](#F0004)). In the absence of target cells, this effect is more pronounced and triggered by the huCD98 TM as well. Long-term cultivation (96 h) with muCD98 TM and huCD98 TM resulted in a considerable decrease of UniCAR T cell numbers independent of the presence or absence of tumor cells. In contrast, upon cross-linkage with Cal33 RR cells via the EGFR TM, UniCAR T cells showed a threefold expansion within 96 h while numbers of UniCAR T cells were not altered in the absence of target cells ([Figure 4b](#F0004)).10.1080/2162402X.2020.1743036-F0004Figure 4.Perforin/granzyme B production and expansion of UniCAR T cells after TM-mediated cross-linkage with radioresistant tumor cells. UniCAR T cells were co-cultured with (w/) or without (w/o) Cal33 RR cells in the presence or absence of 50 nM TM at an E:T ratio of 5:1. (a) After 48 h, UniCAR T cells were stained for intracellular perforin and granzyme B expression and analyzed by flow cytometry. Histograms show the percentage of perforin^+^ UniCAR T cells (upper panel) or median fluorescence intensity (MFI) of granzyme B stained UniCAR T cells (lower panel). Marker was set according to the respective Fluorescence Minus One (FMO) control (dashed line). Each histogram (w/ Cal33 RR) shows the results of one individual donor (d1, d2 or d3). For samples w/o Cal33 RR cells, data of one representative donor are shown. (b) After 24 h and 96 h, eFluor670^+^ UniCAR T cell numbers were determined by flow cytometry. Control samples w/o TM were set to 100%. Normalized UniCAR T cell numbers (mean + SD of triplicates) are shown for one donor (n = 1).

*Killing of radioresistant tumor cells* in vivo *via the UniCAR system* {#S0003-S2006}
-----------------------------------------------------------------------

Finally, the ability of the UniCAR system to efficiently eliminate radioresistant tumor cells was studied *in vivo*. In order to allow visualization of tumor growth in mice, Cal33 RR^mCherry^ cells were used.

Prior to subcutaneous injection into immunodeficient NMRI^nu/nu^ mice, 1 × 10^6^ Cal33 RR^mCherry^ cells and 1 × 10^6^ UniCAR T cells were mixed with 10 μg of TM. The study was conducted only with the EGFR TM and muCD98 TM as both CD98-specific TMs showed similar efficacy *in vitro*. Control mice received tumor cells alone (control group 1) or in combination with UniCAR T cells (control group 2). As summarized in [Figure 5](#F0005), treatment of mice with the EGFR- or CD98-specific UniCAR system led to significant inhibition of tumor growth in comparison to control groups. Already after 3 days, nearly all tumor cells were eradicated. Even though control group 2 (Cal33 RR^mCherry^ + UniCAR T) showed an initial reduction in tumor growth compared to control group 1 (Cal33 RR^mCherry^), the tumor size stabilized over time. Most likely this effect can be attributed to donor-dependent rejection reactions against alloantigens present on the tumor cells.10.1080/2162402X.2020.1743036-F0005Figure 5.*In vivo* killing of radioresistant cancer cells using the UniCAR system. Cal33 RR^mCherry^ and UniCAR T cells were mixed at an E:T ratio of 1:1 together with muCD98 TM or EGFR TM and subsequently injected s.c. into the right hind leg of NMRI^nu/nu^ mice. As a control, Cal33 RR^mCherry^ cells alone or together with UniCAR T cells were administered. Over a period of 3 days, optical imaging was performed to follow tumor growth based on the mCherry signal. Each group consisted of five mice. Results from one experiment are shown. (a) Each image was scaled to maximum intensity. (b) Quantitative analysis of the mCherry signal. Values were normalized to control group (Cal33 RR^mCherry^ only) at day 0. (\*p \< .0332, \*\*p \< .0021, \*\*\*p \< .0002 compared to the control group receiving tumor and UniCAR T cells; One-way ANOVA with post hoc Sidak multiple comparison test).

Discussion {#S0004}
==========

Combination of standard treatment modalities, including radiotherapy with novel adjuvant targeted immunotherapies, is a recent and rapidly growing field in cancer management. Advances are especially expected for the treatment of solid tumors. For example, in preclinical glioblastoma and pancreatic tumor mouse models, the combination of radiation with CAR T cell therapy has proven to act synergistically.^[53](#CIT0053)--[55](#CIT0055)^ In terms of successful implementation of such combined radioimmunotherapeutic approaches, the rise and induction of radioresistant tumor cells are a significant aspect that should be taken into consideration. Therefore, the major focus of this work was to analyze the effect of (Uni)CAR T cells on radioresistant HNSCC cells. HNSCC is still difficult to treat, especially in the case of recurrent or metastatic diseases.^[56](#CIT0056)^ The prognosis of HNSCC patients with relapsed radioresistant tumors is poor with overall survival rates less than 6 months.^[57](#CIT0057),[58](#CIT0058)^

In this study, highly chemo- and radioresistant FaDu RR and Cal33 RR tumor cells were selected.^[33](#CIT0033)^ Compared to their parental counterparts they show a higher expression level of CD98hc.^[33](#CIT0033)^ As recently published, higher expression of CD98hc is associated with a poor prognosis after radiochemotherapy in patients with HNSCC.^[33](#CIT0033)^ Thus, these findings suggest that high level of CD98hc expression supports cell survival and tumor growth after radiotherapy. Here, we demonstrate for the first time that these chemo- and radioresistant tumor cells^[4](#CIT0004)^ can be killed by (Uni)CAR T cells both *in vitro* and *in vivo* despite their more aggressive phenotype. This was demonstrated using different TMs directed either against EGFR or CD98 reported to be overexpressed on HNSCC.^[29](#CIT0029),[30](#CIT0030)^ UniCAR T cells eradicate radioresistant tumor cells as efficiently as radiosensitive parental cells in an antigen-specific and TM-dependent manner. Both EGFR TM and CD98 TMs activated UniCAR T cells for tumor cell killing at low E:T ratios and picomolar concentrations which is in the same concentration range or even better than previously described TMs.^[21](#CIT0021),[22](#CIT0022),[24](#CIT0024)^

For clinical applications, the immunogenic potential of novel therapeutic drugs should be reduced to a minimum. This is especially important for continuously and repeatedly infused components including TMs. Consequently, the CD98 TM described in this study was humanized to minimize the risk for induction of human anti-mouse antibodies (HAMA) that could potentially lead to neutralization/inactivation of a TM, or might even trigger severe, life-threatening responses, e.g., renal failure.^[59](#CIT0059)^ As shown by comparative functional analyses, humanization does not impair the capability of the CD98 TM to engage UniCAR T cells for tumor cell killing. Hence, the novel huCD98 TM provides an improved immunogenic profile while maintaining its functional properties.

In contrast to EGFR, CD98 is found to be also expressed on UniCAR T cells. This finding is in line with the fact that CD98 is a well-known activation marker of immune cells including T cells.^[30](#CIT0030),[60](#CIT0060)^ However, compared to HNSCC radioresistant cancer cell lines, CD98 antigen density on UniCAR T cells is considerably lower. Our *in vitro* co-cultivation experiments suggest that CD98-expressing UniCAR T cells can be cross-linked with each other via CD98 TMs which finally results in fratricide ([Figure 4b](#F0004)). Nevertheless, substantial loss of UniCAR T cells in the presence of target cells could be observed only after 5 days. Thus, we assume that first killing of CD98^high^ tumor cells and thereafter lysis of CD98^low^ (UniCAR T) cells will take place. Prevalence for killing of high over low antigen-expressing cells was previously demonstrated for other T cell immunotherapies^[61](#CIT0061)^ and is further supported by our data. In the presence of CD98^high^ target cells, the huCD98 TM does not mediate fratricide of UniCAR T cells after 24 h, although 30% of UniCAR T cells were eliminated in the absence of target cells ([Figure 4b](#F0004)). This underlines that targeting of ubiquitously expressed biomarkers including CD98 (but also EGFR) requires special safety management as provided by the UniCAR system to avoid unwanted "on-target, off-tumor" effects. After the elimination of tumor cells via redirected UniCAR T cells, long-term destruction of healthy tissues/cells can be prevented by stopping the TM supply. In order to further improve therapeutic safety, CD98 and EGFR are also promising candidates for "AND" gate targeting strategies in combination with other tumor-specific antigens.

Since both EGFR and CD98 were identified to positively correlate with a radioresistant phenotype and are promising biomarkers for radiosensitization,^[3](#CIT0003),[33](#CIT0033),[39](#CIT0039),[40](#CIT0040)^ immunotargeting of these molecules might be a mutual profit for future combination with radiation. In HNSCC, complementary advances have been shown for EGFR-targeted immunotherapy with Cetuximab plus radiotherapy resulting in significantly prolonged progression-free survival of patients with locoregionally advanced HNSCC.^[62](#CIT0062),[63](#CIT0063)^ Besides the induction of tumor cell death by DNA damage, ionizing radiation possesses immune-modulating properties that might exert synergistic effects on immunotherapeutic approaches like (Uni)CAR T cell therapy. Radiation of tumors results not only in the upregulation of certain TAAs as discussed for EGFR and CD98,^[3](#CIT0003),[33](#CIT0033),[39](#CIT0039),[40](#CIT0040)^ but also remodels the vascular system, induces the secretion of T cell attracting chemokines and leads to upregulation of adhesion molecules.^[64](#CIT0064),[65](#CIT0065)^ This in turn increases the antigenicity of tumors, improves tumor infiltration with therapeutic effector cells including (Uni)CAR T cells and facilitates an increased diffusion of antibody derivatives (e.g. TMs). In particular, combination of radiotherapy with EGFR- or CD98-redirected UniCAR T cells may further reduce the risk for tumor evasion. Potential immunotherapy-induced downregulation of EGFR and/or CD98 will presumably sensitize tumor cells to ionizing radiation. Reversion of radioresistance depending on the EGFR and CD98 expression levels was previously proven by other groups \[e.g. 33,39\]. Conversely, radiotherapy-induced upregulation of CD98 and EGFR may augment anti-tumor effects of the UniCAR system. Moreover, simultaneous or consecutive redirection of UniCAR T cells to two antigens (CD98 and EGFR) is assumed to reduce the risk for therapy-induced target antigen loss and subsequent tumor relapse as clinically observed for conventional, monospecific CAR T cell therapies.^[66](#CIT0066),[67](#CIT0067)^

Overall, we successfully showed that radioresistant tumor cells can be killed via the UniCAR system by targeting both EGFR and CD98 in a highly efficient and antigen-specific manner. Thus, immunotherapy with UniCAR T cells might be able to overcome radioresistance.
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